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Abstract 
Fluor and E.ON have built a carbon dioxide recovery pilot plant using Fluor’s proprietary Econamine FG PlusSM
technology at E.ON’s hard coal power plant in Wilhelmshaven, Germany. The capture plant is designed to recover 
approximately 70 Te/d of CO2 and will be used for data collection to facilitate scaling the design to a full sized coal 
power plant. The pilot plant has the configuration of a full size plant, including several technology improvements. 
The CO2 capture plant design includes technology advancements that are expected to lower energy demand, reduce 
costs, and improve the environmental signature of CO2 capture plant. The paper summarizes the technological 
advancements and initial results from the commissioning of the capture unit.  
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1. Introduction 
Fluor and E.ON formed a partnership for the advancement and adaption of CO2 capture technology for 
coal fired power plants.  The partnership decided to construct and operate a carbon dioxide recovery pilot 
plant at E.ON’s hard coal power plant in Wilhelmshaven, Germany. The process design of the plant was 
based on Fluor’s proprietary Econamine FG PlusSM technology. The project that began execution in 2010 
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was commissioned in the first half of 2012. This paper describes the development program and activities 
planned for the performance and parameter testing.  
The 70 Tonne/d carbon dioxide pilot plant was designed to treat 19,500 Nm3/h flue gas at a 90% CO2
recovery. The goals of the test program are: 
 Demonstrate the ability of the CO2 capture technology for retrofit or addition to coal-fired power 
plants.  
 Show compliance of emissions with EU and U.S environmental standards 
 Validate innovations for reducing the process steam and electrical power consumption 
 Test and validate the next generation EFG+ solvent.  
 Finally, the program will advance the selection of materials of construction and present techniques to 
cost-effectively integrate CO2 capture technology into a modern power plant.  
The capture unit has the configuration of a full size plant, including several technology advancements. 
Fluor has continuously strived to improve the Econamine FG PlusSM technology to reduce energy 
consumption, capital cost, solvent loss and improve the environmental signature. This has been done by a 
number of enhancements that are implemented in the pilot plant, including the following: 
 A flue gas conditioning system designed to cool the flue gas and reduce the SO2 concentration. 
 Absorber intercooling. 
 Lean vapor compression in the solvent regeneration system. 
 EFG+ solvent designed to reduce energy costs. 
 An advanced solvent reclaiming technology. 
These process advancements are being studied to quantify the reduction in energy requirement of the 
process and the improvement in solvent stability (i.e. reduction in solvent losses). Of particular interest 
are the operational aspects of this capture plant that are unique to coal-fired power plants, particularly the 
flue gas contaminants and emissions. 
Nomenclature 
CO2 Carbon Dioxide 
DCC Direct Contact Cooler 
EFG+ Econamine FG PlusSM   
HSS Heat Stable Salts 
SO2 Sulfur Dioxide 
WHV Wilhelmshaven, Germany 
2. E.ON’s Power Plant at Wilhelmshaven 
The Wilhelmshaven power plant is fueled with import hard-coal which is delivered to site by ship. The 
power plant has a net power output of 756 megawatts. It is one of E.ON’s most productive sites and 
therefore a significant economic factor for the town of Wilhelmshaven and the region. 
The power plant is one of the pioneers of flue gas purification. As early as 1978, Germany’s first FGD 
plant was operated here. A gas/gas heat exchanger to reheat the desulphurized flue gases before rejecting 
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it to the atmosphere is installed. To this day, electrostatic precipitators for dust removal, DENOX 
catalysts for the removal of nitrogen oxides and FGD plants are all standard components of the flue gas 
purification process at the Wilhelmshaven power plant.  
The output of the power plant has been increased repeatedly by efficiency-enhancing investments. In 
1998, an output increase of 42 megawatts was achieved by installing a branch turbine, whereas the CO2
emissions, based on the same amount of fuel, could be reduced by 200,000 tons per year. In 2002, the 
entire control system was overhauled which has resulted in fully automatic operation. 
The commissioning of the sewage sludge co-combustion plant in late 2004 for the disposal of local 
sewage sludge as well as the construction of a petroleum-coke co-combustion plant are further measures 
to reduce the consumption of hard coal. 
Fig. 1. E.ON power plant in Wilhelmshaven, Germany. 
Therefore, the E.ON Power Plant in Wilhelmshaven is an exceptionally suitable host site for 
development of carbon capture technology which might become an integral part of the flue gas 
purification process of coal-fuelled power plants in the future. The high on-stream factor of the power 
plant is advantageous for operation of the pilot plant; the continuous flow of flue gas is essential for long 
testing campaigns.  
3. Flue Gas Conditioning System 
Coal power plants contain contaminants that could negatively affect carbon capture solvents. Therefore, it 
is necessary to protect the solvent from these contaminants to limit degradation. Protecting the solvent 
requires keeping contaminants that can cause solvent degradation out of the solvent and operating the 
pilot plant at conditions that will not harm the solvent, even as the operating conditions of the power plant 
change. The main source of contaminants entering the process is the flue gas. A direct contact cooler 
(DCC) is used to cool the incoming flue gas and to scrub from the flue gas most of the components that 
are harmful to the solvent. In particular, acidic components, such as SO2, NO2 and minor amounts of HCl 
and HF, in the flue gas will react with the CO2 capture solvent to form heat stable salts (HSS), which 
effectively remove the solvent molecules from being available for CO2 capture. Although the flue gas at 
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the E.ON power plant has already undergone flue gas desulfurization for environmental considerations, 
the remaining SO2 would still result in a solvent loss if allowed to enter the absorption column. 
Fluor has designed a multi-stage DCC to cool the gas, reduce the water content in the gas, and remove 
approximately 99% of the incoming SO2 (concentrations from 1-5 ppmv are typical) and other acidic 
components in order to protect the EFG+ solvent. The extent of particulate removal in the gas 
pretreatment step will be investigated over different operating conditions. 
The unique multi-stage design consists of two discrete sections:  
 In the lower section, the gas is cooled below its dew point via a circulating water stream. Heat is 
rejected to cooling water. High-quality, knocked-out combustion water from the circulation loop is 
sent to the battery limit.  
 The removal of SO2 and other acidic substances protects the solvent from rapid formation of heat 
stable salts.  In the upper section of the DCC a chemical solution (caustic) is used to reduce the sulfur 
content in the flue gas to a level that is acceptable to the EFG+ process. Preliminary results from 
commissioning suggest optimal trim SO2 removal is achieved at a pH level of 6.5 to 7. Blowdown 
from the chemical loop is sent to the battery limit for treatment.  
Due to the high quality of the water from the first and second stage of the DCC, the streams are reused 
as part of the water supply for the power plant’s desulphurization unit.  
Typically, the metallurgy requirements for a CO2 capture plant’s direct contact cooler is stainless steel. 
At a minimum, 304L stainless steel is required due to the wet CO2 atmosphere. The diameter of a full-
scale CO2 capture plant DCC can be as large as 20 meters and the corresponding capital cost is a 
substantial portion of the capture plant cost. Sometimes, contaminants in the flue gas, such as chlorides 
from an upstream wet flue gas desulfurization system, might necessitate an even more exotic grade of 
stainless steel (such as 316L, 317LMN, or duplex) for the direct contact cooler, raising the cost even 
further.  
The pilot plant’s DCC has been designed and constructed with a concrete shell and a non-metallic 
lining. For full-scale plants, this design offers a significant capital cost savings versus stainless steel 
options. In fact, an exotic stainless steel metallurgical selection would have been required for the direct 
contact cooler due to the presence of chlorides in the flue gas. The advanced EFG+ pilot plant will 
demonstrate the effectiveness and cost of installing non-metallic columns in a coal-based flue gas service 
downstream of a wet flue gas desulfurization system.   
Fig. 2. Construction of the Direct Contact Cooler at Wilhelmshaven. 
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4. Absorber Intercooling 
The EFG+ technology uses a chemical solvent for the capture of the CO2 from the flue gas. The CO2
absorption into solvent is an exothermic reaction. As a result, the temperature inside the column increases 
as the CO2 is absorbed from the flue gas. This temperature increase lowers the equilibrium CO2 loading in 
the solvent, and hence lowers the rich solvent loading and increases the solvent circulation rate. 
Absorber intercooling has been included for solvent flow rate optimization at Wilhelmshaven. With 
the absorber intercooling configuration, heat is removed near the bottom of the absorber column via an 
external cooler. The location of the intercooler was selected to maintain high reaction rates near the top 
and middle of the Absorber, while maximizing the solvent CO2-carrying capacity near the bottom of the 
Absorber. By removing much of the heat of reaction in this location, higher rich solvent loadings are 
achieved. In other words, the amount of CO2 that the solvent can carry can be increased. This results in a 
lower solvent circulation rate requirement. Since some of the regeneration energy demand for solvent 
stripping is the sensible heating of the circulating solvent, a lower solvent circulation rate results in a 
lower energy requirement for the plant. Energy savings of 5 – 10% are typical. The planned pilot plant 
test campaign will offer insight as to the reduction in solvent circulation rates.  
The removal of the heat of reaction and the reduced solvent flow rate also mean that the size of the 
absorber can be reduced. This means either lower capital cost for a fixed CO2 capture rate or a higher 
capture rate for a fixed absorption column diameter. For absorption columns that handle large flows from 
coal or NGCC based flue gas, reductions in column diameter are critical to avoid the necessity of multi 
train installations. 
Fig. 3. Flow scheme of absorption column with intercooling. 
5. Lean Vapor Compression 
Lean vapor compression has been implemented at the Wilhelmshaven pilot plant in order to investigate 
the reduction of the overall energy demand for stripping the CO2 from the rich solvent. In this 
configuration, lean solvent from the bottom of the regeneration column is flashed at near atmospheric 
pressure. The resulting steam that evolves from the lean solvent is compressed by the Lean Vapor 
Compressor and returned to the sump of the column as additional stripping steam. In this way, more heat 
is applied to the bottom of the column, replacing steam form the steam system of the power plant and 
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increasing the efficiency of the stripping process. As a result, the Stripper overhead temperature is lower 
(meaning less energy losses to the stripper overhead condenser). 
Fig. 4. Pilot plant Absorber and Stripper. 
The lean vapor compressor requires electric power. However, the overall process efficiency is 
increased so that the regeneration energy demand (steam plus power) is reduced by up to 10%. Energy 
savings depend on the relative costs of steam and power. The operation of the pilot plant is expected to 
prove such a savings in practice. 
The additional capital cost for this configuration (for the compressor, flash drum) is typically paid back 
in 1 – 5 years, depending on the particular project’s valuation of steam and power and site conditions. 
Fig. 5. Flow scheme of regeneration column with lean vapor compression. 
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Depending on the nature of the flue gas handled and the capacity of the plant, the height of the Absorber 
and Stripper columns can range from 25-45 meters. 
6. Advanced Reclaimer Configuration 
When a chemical CO2 capture solvent reacts with an acid that is stronger than CO2, the solvent is 
degraded to a heat stable salt (HSS). The HSS is characterized by a bond between the strong acid 
contaminant and the solvent molecule that cannot be broken in the normal solvent regeneration process. 
As a result, the solvent’s ability to bind CO2 from the flue gas is reduced, effectively lowering the 
concentration and CO2 carrying capacity of the circulating solvent. Furthermore, high concentrations of 
HSS are known to cause increased rates of corrosion in the capture plant. As such, the HSS products must 
be removed from solution. 
Other non-volatile thermal degradation products will also form in the solvent and must be removed to 
maintain the solvent quality and to avoid high solvent make-up costs. 
There are two primary methods for removing HSS and degradation products. The first is a bleed-and-
feed operation, in which solvent with HSS and degradation products is bled from the system and replaced 
with fresh solvent. This option has high operating costs, due to the large waste quantity for disposal and 
the large make-up solvent rate. The preferred option is to reclaim the solvent: a process in which the 
solvent is heated in the presence of a base until the HSS bond is broken, thereby freeing the solvent 
molecule from the strong acid. A majority of the solvent is recovered and returned to the process while a 
small amount is lost with the heat stable salts and degradation products that are removed from the 
reclaimer system.  The temperature required for reclaiming is higher than the normal solvent regeneration 
temperature. This can cause a problem, as high temperatures also result in solvent degradation that cannot 
be reversed. 
The EFG+ solvent, like all chemical solvents, will also form HSS in the presence of strong acids. 
However, the EFG+ solvent can be reclaimed at a relatively low temperature, making reclaiming a good 
solution for the removal of HSS. Furthermore, Fluor has developed an advanced reclaiming configuration 
that reclaims at a lower pressure and lower temperature than typical reclaiming systems. The EFG+ 
process uses low-pressure solvent reclaiming. With this configuration, the solvent degradation and losses 
that are associated with the reclaiming procedure are reduced, as are the waste production and disposal 
costs.
This reclaiming configuration is a significant advancement in Fluor’s CO2 capture technology. Its 
efficacy and impact for reducing operating cost as well as the flexibility to handle a varying HSS 
formation rate under different operation conditions will be tested at the E.ON site. 
7.  Trace component measurements 
Fourier Transform Infrared (FTIR) spectroscopy measures the infrared spectrum of a gas over a wide 
range of wavelengths. The composition of the gas is then determined by matching the measured spectrum 
with reference spectra. FTIR technology can measure a multitude of components over a range of 
concentrations simultaneously.  
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Fig. 6 Trace Component Measurement Locations 
In early July, 2012, an FTIR analyzer was installed at the Wilhelmshaven pilot plant with four sample 
locations for measuring trace component concentrations (Fig. 6) in relevant gas streams: 
1. Absorber Inlet 
2. Absorber Wash Bed Inlet 
3. Absorber Wash Bed Outlet 
4. CO2 Product 
  The FTIR configuration in WHV includes a multiplexer to automatically switch between sample 
locations. The continuous, on-line measurement makes it possible to observe and record live analytical 
data for each of the four streams listed above. 
The sample points also have provisions for iso-kinetic sampling of other compounds in the gas streams or 
for validation of FTIR measurements. The FTIR analyzer measurements will be used to evaluate different 
emissions reduction systems during the testing phase at the E.ON site. Insight will also be gained 
regarding the rate and location of solvent degradation, as volatile degradation products can partly be 
detected in the gas phase.  
  Initial gas phase measurements showed that under start conditions the plant has a low amine emission 
with the simplest emission reduction arrangement in operation. More advanced emissions reduction 
schemes are to be validated during the joined performance and parameter testing program. 
   
8. Preliminary Results 
The plant has been run during commissioning and initial performance testing for a total of 600 hours 
through September, 2012. Over the course of this time, the solvent has shown excellent stability despite 
6224   Satish Reddy et al. /  Energy Procedia  37 ( 2013 )  6216– 6225 
daily startups and shutdowns and the solvent has remained exceptionally clear, cf. Fig. 7. This underlines 
the benefit of including an activated carbon filter in the EFG+ design. Regular chemical analysis 
undertaken by E.ON’s analytical experts has shown that heat stable salt concentration has been rising 
extremely slowly (approx. 30 mmol/l after 600 hours). In fact, the solvent reclaiming has not yet been 
started. It is anticipated that reclaiming will begin in the forth quarter of 2012. 
Fig. 7 Solvent after 500 Hours of operation during commissioning 
In late July and early August, 2012, the first emission profile measurements based on iso-kinetic 
sampling were performed on the four gas streams listed previously by E.ON’s central laboratory at 
Gelsenkirchen. The goals of the iso-kinetic testing are to validate the FTIR results and to measure other 
compounds not measured by the FTIR (e.g. particulate matter, aerosols, degradation products). The 
analytical results from the iso-kinetic sampling campaign will increase the understanding of the emission 
profile of the WHV capture unit operated with fresh, fairly undegraded solvent. This will be used as 
baseline for future investigations of the environmental performance of the EFG+ technology.  
In early August, the power plant was shut down for 6 weeks for a major turnaround. During that time, 
the CO2 demonstration plant was also shut down. After the turnaround, the test program will be carried 
out for the next 2-3 years. 
The pilot plant operates stable and operator friendly. In addition, the plant comes to a steady state in 20 
minutes from a warm restart and within approximately 2 hours from a cold startup. The control system 
also includes a one button start-up and shut down capability which has been validated during the 
commissioning phase. The power plant operators also have a hard-wired switch to shut down the pilot 
plant remotely from the main control room. The startup and shutdown sequence (and logic) will be the 
subject of investigation, targeted at optimizing the capture plant controls to the operational needs of 
European power plants, which are affected by increasing flexibility requirements, especially for coal-
fuelled units.   
9. Path forward 
The pilot plant at Wilhelmshaven will undergo a variety of performance and parameter testing over the 
coming years. The goals of the test program are to: validate energy saving arrangements, prove 
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technological advancements, and quantify the effect of sudden process changes on plant operation. The 
plant will be tested over a range of capacities in order to determine minimum and maximum rates, power 
plant load following characteristics, and ramp rates.  
The pilot plant will be operated by E.ON personnel under several process configurations and the effect 
of the change will be compared to the baseline operation of the plant. Examples of alternate 
configurations include operating the plant with and without intercooling and lean vapor compression. In 
addition, several emissions configurations will be tested. The FTIR system will offer valuable real-time 
information about various emissions configurations.  
During parameter testing, single perturbations will be made and the effect on plant stability and 
performance will be measured. Some of the parameter tests include: varying the steam rate to the 
Reboiler, varying the chemical rate in the DCC, and operating the Stripper at various pressures. Special 
tests will aim to test the impact of different solvent concentrations or solvents with different molecular 
structures.
The results of the test program will point to areas where effort for future process improvement could 
be applied. It should also validate the technological improvements implemented in the EFG+ process thus 
far.    
10. Conclusions 
Fluor has been improving its Econamine FG PlusSM technology to further reduce energy requirements, 
operating costs, capital costs, and improve the environmental signature of future CO2 capture plants. At 
the EFG+ pilot plant at Wilhelmshaven, E.ON and Fluor will jointly undertake an intensive test program 
to prove out the efficacy of these advancements and support the commercial viability of the technology as 
a retrofit option for post combustion CO2 capture from a coal-based power plant flue gas. 
Based on the first results from the commissioning phase the partners expect to gain significant new 
insights for further deployment of the technology in the power sector. 
